Memory consolidation is the process by which acquired information is converted to something concrete to be retrieved later. Here we examined a potential role for brain-derived neurotrophic factor (BDNF) in mediating the enhanced memory consolidation induced by the GABA A receptor antagonist, bicuculline methiodide. With the administration of an acquisition trial in naïve mice using a passive avoidance task, mature BDNF (mBDNF) levels were temporally changed in the hippocampal CA1 region, and the lowest levels were observed 9 h after the acquisition trial. In the passive avoidance task, bicuculline methiodide administration within 1 h of training but not after 3 h significantly increased latency time in the retention trial 24 h after the acquisition trial. Concomitantly, 1 h post-training administration of bicuculline methiodide, which enhanced memory consolidation, significantly increased mBDNF levels 9 h after training compared to those of the vehicle-treated control group. In addition, exogenous human recombinant BDNF (hrBDNF) administration 9 h after training into the hippocampal CA1 region facilitated memory consolidation confirming that the increase in mBDNF at around 9 h after training plays a key role in the enhancement of memory consolidation. Moreover, the increases in latency time and immediate early gene expressions by bicuculline methiodide or hrBDNF were significantly blocked by anisomycin, a protein synthesis inhibitor, K252a, a tyrosine receptor kinase (Trk) inhibitor, or anti-TrkB IgG. These findings suggest that the increase in the level of mBDNF and its function during a restricted time window after training are required for the enhancement of memory consolidation by GABA A receptor blockade.
INTRODUCTION
Since the concept of memory consolidation was introduced into behavioral neuroscience, numerous efforts have been dedicated to clarify the role of consolidation during learning and memory processes (Izquierdo et al, 2008) . In addition, great efforts have been made to clarify the molecular and cellular mechanisms underlying memory consolidation (Sara, 2009) . Converging evidences indicate that memory consolidation requires changes in intracellular signaling pathways, gene expression, and/or de novo protein synthesis. The most extensively studied molecule in memory consolidation is brain-derived neurotrophic factor (BDNF) because it might be required for consolidation of short-term to long-term memory and for synaptic plasticity (Poo, 2001; Tyler et al, 2002) . In particular, hippocampal BDNF appears to be necessary in two discrete periods, one immediately after and another 1-4 h or 3-6 h after training for long-term memory (LTM) formation in a one-trial avoidance learning (Alonso et al, 2002a, b; Grecksch and Matthies, 1980; Igaz et al, 2002) . In addition, it was reported that new protein synthesis and BDNF in the rat hippocampus 12 h after an acquisition of a one-trial associative learning task are critical for the persistence of LTM storage (Bekinschtein et al, 2007) . Although these results suggest that BDNF is a key molecule for persistence and/or maintenance of LTM, it is still unclear whether BDNF plays a role in the enhancement of memory consolidation within a limited time of around 6-12 h after training.
It is known that a-aminobutyric acid (GABA) A receptor agonists impair memory function and that its antagonists enhance memory consolidation (McGaugh and Roozendaal, 2009 ). For example, GABA A receptor antagonists, including bicuculline and flumazenil, enhance performance in memory tasks (Herzog et al, 1996) , and its agonists, such as muscimol and diazepam, disrupt memory formation (Castellano and McGaugh, 1989) . Particularly, it was demonstrated that bicuculline increased memory consolidation when administered into the CA1 region either immediately or 1.5 h after training (Luft et al, 2004) . In addition, GABA A receptor antagonists (including bicuculline) are reported to enhance BDNF expression in the hippocampus (Katoh-Semba et al, 2001; Metsis et al, 1993) . If BDNF is generally used to memory consolidation, as mentioned by Bekinschtein et al, (2007) , enhanced memory consolidation by GABA A receptor blockade retrieved 24 h after an acquisition trial might result from the increased BDNF levels. However, it is unclear which element(s) or which signaling pathway(s) is involved in the enhancement of memory consolidation by GABA A receptor blockade.
We hypothesized that the enhancement of memory consolidation induced by GABA A receptor blockade within a limited time window results from a GABA A receptor blockade-induced increase in BDNF levels. To test this hypothesis, we investigated using behavioral and biochemical analysis (1) whether GABA A receptor blockade using bicuculline methiodide facilitates memory consolidation, (2) whether bicuculline methiodide-induced enhancement of memory consolidation is accompanied by an increase in BDNF levels, (3) whether exogenous human recombinant BDNF (hrBDNF) administration alone enhances memory consolidation, and (4) whether inhibition of protein synthesis or blockade of BDNF receptor modulates the enhancement of memory consolidation induced by bicuculline methiodide or hrBDNF.
MATERIALS AND METHODS

Animals
Male ICR (CD-1) mice (25-30 g, 7 weeks old), which is a Swiss mouse that is used as a general-purpose stock in oncological and pharmaceutical research and is often used to investigate the mechanism of learning and memory (Banks et al, 2001; Nagai et al, 2007) were purchased from the Orient a branch of Charles River Laboratories (Seoul, Korea). Mice were housed five per cage. Animals were provided with food and water ad libitum and kept under a 12 h light/dark cycle (light on 07:00-19:00) at ambient room temperature. Animal treatment and maintenance were carried out in accordance with the Principles of Laboratory Animal Care (NIH publication No. 85-23, revised 1985) and the Animal Care and Use Guidelines of Kyung Hee University, Korea. All efforts were made to minimize the number of animals as well as their suffering.
Materials
Bicuculline methiodide, hrBDNF, anisomycin, and cycloheximide were purchased from Sigma Chemical (St. Louis, MO). K252a was obtained from Calbiochem-Novabiochem Intl. (La Jolla, CA). Zoletil 50 was purchased from Virbac laboratory (Carros, France). Anti-mature BDNF (mBDNF) antibody was purchased from Osenses Pty (SA 5159, Australia). Anti-b-actin, anti-c-Fos, anti-Zif268, anti-extracellular signal-regulated kinase (ERK), and anti-phosphorylated ERK (pERK) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-TrkB, recombinant human TrkB Fc chimera (TrkB-Fc) and goat control IgG were purchased from R&D System (Minneapolis, MN). All other materials were of the highest grade available and were obtained from normal commercial sources. Bicuculline methiodide was dissolved in a 0.9% normal saline.
Microinfusion of Drugs
Mice were placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA) under Zoletil 50 anesthesia (10 mg/kg, i.m.), and guide cannulae (26 G) were aimed at the dorsal hippocampal CA1 pyramidal cell layer (stereotaxic coordinates: AP, À2.10 mm; ML, ± 1.00 mm; DV, À1.00 mm) using an atlas of the mouse brain (Paxinos and Franklin, 2001 ). The guide cannulae were fixed to the skull with dental cement and covered with dummy cannulae. Following surgery, mice were allowed to recover for seven days. Bicuculline methiodide, hrBDNF, anisomycin, K252a, anti-TrkB IgG, and goat control IgG were dissolved in 0.9% bacteriostatic saline solution before the infusion. At 15 min prior to the indicated time points after the acquisition trial, mice were carefully restrained by hand and bilaterally infused with bicuculline methiodide [1 nmol/0.5 ml/side (Ren et al, 2008) ], hrBDNF [0.2 mg/0.5 ml/side, (Alonso et al, 2002a) ], anisomycin [80 mg/0.5 ml/side, (Bekinschtein et al, 2007) ], K252a [100 pmol/0.5 ml/side, (Liu et al, 2008) ], anti-TrkB IgG [1 mg/0.5 ml/side, (Jiang et al, 2003) ], goat control IgG (1 mg/0.5 ml/side), or vehicle (0.9% saline solution, 0.5 ml/side) through an injector cannula (30 G) at 0.25 ml/min (the injection time was assumed to be at the indicated time points, ie, 15 min prior to the 6 h injection). After 2 min of infusion, the infusion needle remained in the guide cannula for 1 min more to ensure proper delivery of the reagents.
Passive Avoidance Task
The passive avoidance task was carried out as described elsewhere (Kim and Ryu, 2008) . At the first training day, for the acquisition trial, a mouse was initially placed in the light compartment and the door between the two compartments was opened 10 s later. When the mouse entered the dark compartment, the door automatically closed and an electric foot shock (0.25 mA, 3 s) was delivered through the grid floor. For the retention trial, mice were again placed in the light compartment 24 h after the acquisition trial, and the time before entering the dark compartment was recorded. The passive avoidance task was conducted in Experiments 1-4. In all of the experiments, animals were used only one time.
Brain Section Preparation and Cresyl Violet Staining
To confirm the guide cannulae position, we carried out Nissl staining. The mice were immediately anesthetized with Zoletil 50 anesthesia (10 mg/kg, i.m.) after each experiment and perfused transcardially with 0.1 M phosphate buffer (pH 7.4) followed by ice-cold 4% paraformaldehyde. Brains were removed and postfixed in phosphate buffer (0.05 M, pH 7.4) containing 4% paraformaldehyde overnight and then immersed in 30% sucrose solution (in 0.05 M phosphate-buffered saline) and stored at 4 1C until sectioning. Frozen brains were coronally sectioned on a cryostat at 30 mm and then stored in storage solution at 4 1C. After mounting sections onto gelatin-coated slides, they were stained with 0.5% cresyl violet, dehydrated through graded alcohols (70, 80, 90, and 100%) , placed in xylene, and coverslipped using Histomount medium.
Western Blot Analysis
The mice were sacrificed at each designated time point, and brains were removed. Hippocampal tissue was isolated and homogenized in ice-chilled buffer [20 mM Tris-HCl (pH 7.4) containing 0.32 M sucrose, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 10 mg/ml aprotinin, 15 mg/ml leupeptin, 10 mg/ml bacitracin, 10 mg/ml pepstatin, 15 mg/ml trypsin inhibitor, 50 mM NaF, and 1 mM sodium orthovanadate]. Samples of homogenates (30 mg of protein for mBDNF and 15 mg of protein for c-Fos and Zif268) were subjected to SDS-PAGE (12% gel for mBDNF and 8% gel for c-Fos, Zif268, ERK, and pERK) under reducing conditions. Proteins were transferred onto PVDF membranes in transfer buffer (25 mM Tris, 192 mM glycine, 20% v/v methanol) for 2 h at 100 V and 4 1C. Western blots were performed by incubating membranes first with anti-mBDNF, anti-Zif268, anti-c-Fos, anti-ERK, or anti-pERK antibody (1 : 1000 dilution), then stripping and incubating with anti-b-actin antibody (1 : 5000, dilution). Film densitometric analysis was performed by using the Quantity One Image Analysis System (version 4.6.3, Bio-Rad Laboratories, Hercules, CA). mBDNF, c-Fos, and Zif268 levels were normalized to actin levels in the same membrane, pERK levels were normalized to ERK levels, and the mean values were referred to control values taken as 1.0.
Experiment 1
Experiment 1 was conducted to test the effects of bicuculline methiodide on the memory consolidation phase. First, bicuculline methiodide (1.25, 2.5, 5, or 10 mg/kg, i.p.) was administered immediately after an acquisition trial to determine the most effective dose of bicuculline methiodide for memory consolidation in the passive avoidance task (0.25 mA, 3 s). Second, we wanted to investigate the effective time window for bicuculline methiodide-enhanced memory consolidation. Bicuculline methiodide (5 mg/kg, i.p.) was administered immediately (0 h), 1, 3, or 6 h after the acquisition trial.
Experiment 2
To measure the temporal profile of mBDNF levels after electric foot shock, mice were introduced to one-trial passive avoidance task (0.25 mA, 3 s) and sacrificed at designated time points. Brains were removed for western blot analysis. In addition, mice were administered bicuculline methiodide (5 mg/kg, i.p.) without any electric foot shock to investigate its effects on the mBDNF level in naïve mice. Mice were sacrificed at designated time points, and brains were removed for western blot analysis.
Experiment 3
In experiment 3, we wanted to investigate the reasons why the enhancement of memory consolidation disappears when bicuculline methiodide is administered 3 h after the acquisition trial. First, mice were systemically administered bicuculline methiodide 1 or 3 h after the acquisition trial and were sacrificed 6, 9, or 12 h after the acquisition trial. In a separate experiment, to confirm the effect of hippocampal GABA A receptor blockade, bicuculline methiodide (1 nmol/ side) was injected into the hippocampus 1 h after the acquisition trial, and the mice were sacrificed 6, 9, or 12 h after the acquisition trial. Western blot analysis was also conducted to assess the effects of bicuculline methiodide on mBDNF levels. In addition, we investigated the effect of exogenous hrBDNF infused into the hippocampus at specific time points (6, 9, or 12 h) after the acquisition trial on memory consolidation to confirm whether exogenously infused hrBDNF enhances memory consolidation in the passive avoidance task. Mice were injected with hrBDNF 6, 9, or 12 h after the acquisition trial and subjected into the retention trial 24 h after the acquisition trial.
Experiment 4
If mBDNF levels at specific time point(s) induced by bicuculline methiodide play a crucial role in the enhancement of memory consolidation, blockade of the interaction between mBDNF and its receptor could attenuate the enhancement of memory consolidation. TrkB blockers (K252a or TrkB IgG, to inhibit the interaction between mBDNF and its receptor) or protein synthesis inhibitor (anisomycin, to inhibit protein synthesis which could be occurring after the interaction between mBDNF and its receptor) was administered to the mice treated with bicuculline methiodide 1 h after the acquisition trial. Mice were co-administered bicuculline methiodide (systemic injection, 5 mg/kg; intra-hippocampal injection, 1 nmol/side) and anisomycin (80 mg/side), K252a (100 pmol/side), or anti-TrkB IgG (1 mg/side) 1 h and 9 h, respectively, after the acquisition trial and were subjected to the retention trial 24 h after the acquisition trial. In a separate experiment, these mice were sacrificed 12 h after the acquisition trial for measuring c-Fos and Zif286 expression levels.
Statistics
Results from the passive avoidance task (except data analyzed by Student's t-test) were analyzed by one-way analysis of variance (ANOVA) followed by Tukey's post hoc test for multiple comparisons. The latency times obtained by exogenous infusion of hrBDNF were analyzed by Student's t-test. Results regarding the effective time window for bicuculline methiodide in the passive avoidance task and the interactions between bicuculline methiodide and anisomycin, between bicuculline methiodide or hrBDNF and K252a, and between bicuculline methiodide and antiTrkB IgG were analyzed by two-way ANOVA followed by Bonferroni's post hoc test for multiple comparisons. Statistical significance was set at Po0.05.
RESULTS
Bicuculline Methiodide Increases Memory Consolidation
Bicuculline methiodide (1.25, 2.5, 5 or 10 mg/kg) or vehicle was administered immediately after the acquisition trial to assess its effects on memory consolidation.
Step-through latency in the passive avoidance task observed 24 h after the acquisition trial displayed significant group effects [F (4, 36) ¼ 6.120, Po0.05, Figure 1a ]. Mice receiving bicuculline methiodide (5 and 10 mg/kg) immediately after the acquisition trial exhibited longer latency times in the retention trial than vehicle-treated controls (5 mg/kg, + 113% respect to control, Po0.05, n ¼ 8; 10 mg/kg, + 29% respect to control, Po0.05, n ¼ 5, Figure 1a) ; however, the mice treated with 10 mg/kg of bicuculline methiodide exhibited stage 2 seizure-like activity (Stage 2, nodding and wet dog shaking) based on Racine's score (Racine, 1972) . Therefore, to avoid unpredictable histological changes in the hippocampus, which is vulnerable to seizure activity induced by pro-convulsive drugs (Lado et al, 2002) , we chose 5 mg/kg bicuculline methiodide for further experiments.
To determine the effective time window for enhancement of memory consolidation by bicuculline methiodide, mice were treated with bicuculline methiodide or vehicle at designated time points after the acquisition trial. Two-way ANOVA revealed that there is significant group effect in treatment [F (1, 48) ¼ 5.924, Po0.05]. As shown in Figure 1b , mice receiving bicuculline methiodide (5 mg/kg) immediately and 1 h after the acquisition trial exhibited longer latency times than vehicle-treated controls (0 h, + 85% respect to vehicle-treated control, Po0.01, n ¼ 7; 1 h, + 88% respect to vehicle-treated control, Po0.05, n ¼ 7; Figure 1b ) but not at 3 or 6 h. These results indicated that the reason why the effects of bicuculline methiodide are observed with administration at 1 h after the acquisition trial but not at 3 or 6 h might be due to the expression of consolidatedrelated molecule(s).
Because we employed single behavior task to investigate memory consolidation, we examined the effect of muscimol, a GABA A receptor agonist, on memory consolidation and the interactions between muscimol and bicuculline methiodide to confirm the experimental behavioral paradigm. Muscimol administration at 1 h after the acquisition trial significantly impaired memory consolidation [F (3, 36) ¼ 4.942, Po0.05, n ¼ 9-12, Supplementary Figure S1A ]. Moreover, co-administration of bicuculline methiodide with subeffective dose of muscimol (0.5 mg/kg) significantly blocked the effect of bicuculline methiodide on memory consolidation [F (3, 34) ¼ 8.691, Po0.05, n ¼ 8-10, Supplementary Figure S1B ]. In addition, significant interactions were observed between muscimol and bicuculline methiodide [F (1, 34) ¼ 5.199, Po0.05, n ¼ 8-10, Supplementary Figure S1B ]. These results suggest that blockade of GABA A receptor facilitates memory consolidation.
Bicuculline Methiodide Increases mBDNF Level in the Hippocampus
BDNF has been implicated in the modulation of synaptic plasticity (Schinder and Poo, 2000) and memory consolidation (Yin et al, 2002) . Thus, we investigated the temporal changes of mBDNF levels in the hippocampus after the acquisition trial using western blots ( Figure 2a ). Mice were administered the one-trial passive avoidance task, and thereafter, brain tissue was subjected to western blot analysis at the indicated time points after the acquisition trial (0, 0.5, 1, 3, 6, 9, or 12 h). Naive mice were treated neither drugs nor acquisition trial. mBDNF (14 kD) levels were markedly higher in the mouse hippocampus within 1 h after the acquisition trial, and the elevated mBDNF levels gradually declined until 9 h after the acquisition trial ( Figure 2a ). The mBDNF levels 9 h after the acquisition trial were similar to the basal level of normal naïve mice. Thereafter, mBDNF levels were slightly increased 12 h after the acquisition trial, but not significant [0 h, + 233% with respect to naive group, Po0.05, n ¼ 4; 1 h, + 166% with respect to naive group, Po0.05, n ¼ 4; 3 h, + 73% with respect to naive group, Po0.05, n ¼ 4; 6 h, + 77% with respect to naive group, Po0.05, n ¼ 4; 9 h, + 1% with respect to naive group, P40.05, n ¼ 4; 12 h, + 52% with respect to naive group; P40.05, n ¼ 4; F (7, 24) ¼ 15.46, Po0.05]. These results were also confirmed by the immunohistochemical data obtained at 0 and 9 h after the Figure 1 Effect of a single administration of bicuculline methiodide (BMI) on memory consolidation in the passive avoidance. a, The effect of BMI on memory consolidation in one-trial passive avoidance task. BMI (1.25, 2.5, 5, or 10 mg/kg, i.p.) was administered immediately after an acquisition trial. The control group was treated with vehicle solution (Con). The retrieval trial was carried out 24 h after the acquisition trial. The latency time of the BMI-treated group (5 or 10 mg/kg, i.p.) was significantly greater than that of the vehicle-treated group (*Po0.05; one-way ANOVA followed by Tukey's post hoc test). Data are presented as means±SEM (n ¼ 5-8/ group). b, The effective time window of BMI on one-trial passive avoidance task. To investigate the effective time window of BMI for memory consolidation, BMI (5 mg/kg, i.p.) was administered immediately (0 h), 1, 3, or 6 h after the acquisition trial. The retrieval trial was carried out 24 h after the acquisition trial. The latency time of the BMI-treated group (0 or 1 h post-training administration) was significantly greater than that of the vehicle-treated group (*Po0.05; two-way ANOVA followed by Bonferroni's post hoc test). Data are presented as means ± SEM (n ¼ 6-8/group). acquisition trial in both the CA1 and dentate gyrus (DG) region [CA1, Po0.05, n ¼ 3, F (2, 6) ¼ 9.373; DG, Po0.001, n ¼ 3, F (2, 6) ¼ 6.876] (Supplementary Figure S2) .
After then, bicuculline methiodide was administered to mice without any training trial to investigate its effects on mBDNF levels in the hippocampus at various time points (sacrificing at 1, 3, 6, 9, 12, or 24 h after bicuculline methiodide administration). The mBDNF levels in the hippocampus gradually increased [F (6, 14) ¼ 5.805, Po0.05, Figure 2b ] and were significantly higher at 9 and 12 h after administration (9 h, + 170% with respect to 0 h group, Po0.05, n ¼ 3; 12 h, + 150% with respect to 0 h group, Po0.05, n ¼ 3). In addition, bicuculline methiodide treatment immediately after the acquisition trial significantly increased mBDNF levels at 0, 0.5, 6, 9, and 12 h after the acquisition trial compared to those of the normal group [0 h, + 178% with respect to normal controls, Po0.05, n ¼ 3; 0.5 h, + 136% with respect to normal controls, Po0.001, n ¼ 4; 1 h, + 44% with respect to normal controls, P40.05, n ¼ 3; 3 h, + 35% with respect to normal controls, P40.05, n ¼ 4; 6 h, + 139% respect to normal controls, Po0.05, n ¼ 3; 9 h, + 129% respect to normal controls, Po0.05, n ¼ 3; 12 h, + 101% respect to normal controls, Po0.05, n ¼ 3; F (7, 18) ¼ 3.462, Po0.05; Supplementary Figure S3 ]. Comparing the results of the temporal profiles of mBDNF levels after the acquisition trial without administration of bicuculline methiodide, after the administration of bicuculline methiodide without the acquisition trial treatment, and after the administration of bicuculline methiodide with the acquisition trial treatment, we hypothesized that mBDNF at 6, 9, or 12 h after an acquisition trial plays a crucial role in the bicuculline methiodide-induced enhancement of memory consolidation in the passive avoidance task.
Increased mBDNF Levels Induced by Bicuculline Methiodide or by Exogenous Administration of hrBDNF Play a Role in the Enhancement of Memory Consolidation
We compared the effects of bicuculline methiodide on mBDNF levels at different administration times (1 or 3 h) after the acquisition trial to examine the role of mBDNF at 6, 9, and 12 h after the acquisition trial. In the control group, which received only the acquisition trial, there was a significant decline in mBDNF level 9 h after the acquisition trial compared with that at 6 h [F (2, 9) ¼ 20.45, Po0.05, Figure 3a ], as shown in Figure 2a . However, the mBDNF levels at 6 and 12 h after the acquisition trial were not significantly different. With the 1 h post-training administration of bicuculline methiodide, a significant increase in mBDNF level was observed at 9 and 12 h after the acquisition trial compared with that at 6 h [F (2, 9) ¼ 10.24, Po0.05, Figure 3b ]. With the intra-hippocampal administration of bicuculline methiodide 1 h after the acquisition trial, the mBDNF level was similar to that of systemic administration of bicuculline methiodide [F (3, 10) ¼ 5.537, Po0.05, Figure 3d ]. The mBDNF profile at 9 h in the 3 h post-training administration of bicuculline methiodide group was slightly decreased compared to that at 6 h, but not significant (Figure 3c ). However, the mBDNF level at 12 h after the acquisition trial was significantly higher than that at 6 h [F (2, 9) ¼ 11.40, Po0.05, Figure 3c ].
Bicuculline methiodide enhanced memory consolidation when it was administered 1 h after the acquisition trial but not 3 h after. The major differences from the results of 1 h or 3 h post-administration of bicuculline methiodide experiments were the mBDNF levels at 9 h after the acquisition trial. Because BDNF is required for consolidation of shortterm to long-term memory and for synaptic plasticity (Poo, 2001; Tyler et al, 2002) , we hypothesized that the mBDNF increased by bicuculline methiodide at 9 h after the acquisition trial plays a crucial role in the enhancement of memory consolidation, possibly explaining the effective time window of bicuculline methiodide. In order to test this hypothesis, we examined whether hrBDNF exogenously administered into the bilateral dorsal hippocampal CA1 region also facilitates memory consolidation (Figure 4a and Supplementary Figure S4A) . Before the test, we confirmed the effect of hrBDNF on TrkB receptor signaling. hrBDNF infusion into the hippocampual CA1 region significantly increased ERK activity at 15 min after injection [F (2, 8) ¼ 8.364, Po0.05, n ¼ 3-4, Supplementary Figure S4B] . Moreover, co-infusion of hrBDNF with anti-TrkB IgG significantly blocked hrBDNF-induced increase of ERK phosphorylation [F (3, 11) ¼ 7.717, Po0.05, n ¼ 3-4, Supplementary Figure S4C ]. These results suggest that intra-hippocampal administration of hrBDNF induces phosphorylation of ERK which is downstream of BDNFTrkB signaling. Exogenous hrBDNF both 6 and 9 h after the Figure 2 Temporal profiles of mBDNF levels in the hippocampus after the passive avoidance training or bicuculline methiodide (BMI) administration. a, To determine the temporal profile of mBDNF levels after the acquisition trial without any drug administration, mice were subjected to the one-trial passive avoidance task (0.25 mA, 3 s) and then sacrificed (w) at designated time points [immediately (0), 0.5, 1, 3, 6, 9, or 12 h] after the acquisition trial for the western blotting. Naïve mouse group (N) did not received any administration of drug or training. Data are presented as means±SEM (n ¼ 4/group). *Po0.05, compared to the normal group (one-way ANOVA followed by Tukey's post hoc test). b, To investigate the temporal profiles of mBDNF levels after BMI administration, mice were treated with BMI (5 mg/kg, i.p.) and sacrificed (w) at designated time points [immediately (0), 1, 3, 6, 9, 12, or 24 h] after the administration for western blotting. Data are presented as means±SEM (n ¼ 3/group). *Po0.05, compared with the 0 h group (one-way ANOVA followed by Tukey's post hoc test).
acquisition trial significantly increased the latency time compared with that of vehicle-treated controls [6 h (control, 114.4 ± 22.2, n ¼ 6; hrBDNF, 250.3 ± 32.2, n ¼ 8, t (12) ¼ 3.234, Po0.05, Figure 4c ); 9 h (control, 121.9 ± 22.3, n ¼ 10; hrBDNF, 234.7±35.1, n ¼ 10, t (18) ¼ 2.712, Po0.05, Figure 4d )]. However, there were no significant differences between the 12 h post-training hrBDNF-treated group and the vehicle-treated control group [control, 129.4±36.1, n ¼ 5; hrBDNF, 164.1 ± 47.2, n ¼ 5, t (8) ¼ 0.582, P40.05] (Figure 4e) . Therefore, elevated mBDNF levels in the hippocampus at a specific time, such as at 6 or 9 h, are sufficient to enhance memory consolidation induced by bicuculline methiodide in the passive avoidance task.
Bicuculline Methiodide-induced Enhancement of Memory Consolidation is Due to the Function of mBDNF Through its Receptor in the Hippocampus
Within the hippocampus, BDNF regulates synaptic plasticity related to learning and memory, and this effect results from an interaction between mBDNF and its functional receptor TrkB. Upon binding, BDNF-TrkB activation triggers a number of intracellular signaling pathways (Martinowich and Lu, 2008) and in turn, de novo protein synthesis related to c-fos or zif268 gene expression, which participates in synaptic plasticity and memory consolidation (Alder et al, 2003; Jones et al, 2001; Yasoshima et al, 2006) . Therefore, to investigate whether elevated mBDNF induced by bicuculline methiodide participates in the facilitation of memory consolidation induced by bicuculline methiodide, we decided to block protein synthesis or the TrkB receptor in the dorsal hippocampus following bicuculline methiodide administration.
If the administration of a protein synthesis inhibitor at 6 or 9 h attenuates bicuculline methiodide-induced enhancement of memory consolidation, this would indicate that the de novo protein synthesis at that time point plays a role in the enhancement of memory consolidation. In the case of protein synthesis inhibition using anisomycin at 6 h after the acquisition trial, we observed that the latency time in the anisomycin-treated group was significantly shorter compared to the vehicle-treated group with the acquisition trial (Supplementary Figure S5B) . Similar results were also observed in another protein synthesis inhibitor-treated group (3 h post-training treatment) (Supplementary Figure  S5A) and in the group systemically treated with cycloheximide, a protein synthesis inhibitor, 3 or 6 h after the Figure 4 Exogenous human recombinant BDNF (hrBDNF) administration enhances memory consolidation. a, Experimental scheme used in this experiment. b-d, Effect of hrBDNF on memory consolidation. hrBDNF (0.2 mg/0.5 ml/side) or vehicle (Veh, 0.9% saline solution) was bilaterally infused into hippocampus 6 (b), 9 (c), or 12 (d) h after an acquisition trial (AT), and the mice were subjected to the retrieval trial (RT) 24 h after the acquisition trial. Data are presented as means±SEM (b and c, n ¼ 8-10/ group; d, n ¼ 5/group). *Po0.05, compared with the vehicle-treated control group (Student's t-test).
Figure 3 mBDNF levels in hippocampal tissue at specific time points after an acquisition trial with or without bicuculline methiodide (BMI). Mice were administered BMI 1 or 3 h after an acquisition trial (AT) and sacrificed 6, 9, and 12 h after the acquisition trial as shown in the experimental scheme (upper panels). a, mBDNF levels at 6, 9, and 12 h after the acquisition trial in the acquisition trial only mice. b, mBDNF levels at 6, 9, and 12 h after the acquisition trial in the acquisition trial with BMI (5 mg/kg, i.p.) mice (1 h post-training). c, mBDNF levels at 6, 9, and 12 h after the acquisition trial in the acquisition trial with BMI (5 mg/kg, i.p.) mice (3 h post-training). d, mBDNF levels at 6, 9, and 12 h after the acquisition trial in the acquisition trial with bilaterally intra-hippocampal BMI (1 nmol/side) mice (1 h post-training). Vehicle (Veh) (0.9% saline) was also bilaterally infused. The data shown are the ratio relative to 6 h and are presented as means ± SEM (n ¼ 4/group). *Po0.05, compared with the 6 h level (one-way ANOVA followed by Tukey's post hoc test).
acquisition trial (Po0.05, Supplementary Figure S6) . However, memory consolidation was not inhibited by the administration of cycloheximide 9 or 12 h after the acquisition trial (P40.05). In the case of bicuculline methiodide administration mentioned above (Supplementary Figure S5 ), the increased latency time induced by bicuculline methiodide administration was reversed by anisomycin administration 3 or 6 h after the acquisition trial. However, there were no interactions between anisomycin and bicuculline methiodide [3 h, F The enhancement of memory consolidation induced by 1 h post-administration of bicuculline methiodide was reversed by the administration of anisomycin 9 h after the acquisition trial [Vehicle/vehicle, 104.7 ± 7.1, n ¼ 6; vehicle/anisomycin, 113.7±19.0, n ¼ 6; bicuculline methiodide/vehicle, 227.5±13.5, n ¼ 8; bicuculline methiodide/ anisomycin, 104.0 ± 16.5, n ¼ 7, F (3, 23) ¼ 18.50, Figure 5a ]. Similar results were obtained with the administration of cycloheximide [Vehicle/vehicle, 145.8±12.6, n ¼ 10; vehicle/cycloheximide, 131.6 ± 20.8, n ¼ 10; bicuculline methiodide/vehicle, 322.1 ± 32.2, n ¼ 10; bicuculline methiodide/cycloheximide, 223.3±17.2, n ¼ 10; F (3, 36) ¼ 15.88, Po0.05] (Supplementary Figure S7) . In addition, anisomycin administration 9 h after the acquisition trial reversed the increased latency time induced by exogenous hrBDNF injection 9 h after the acquisition trial [Vehicle, 132.5 ± 11.7, n ¼ 6; anisomycin, 142.3 ± 21.7, n ¼ 6; hrBDNF, 230.2 ± 28.4, n ¼ 6; hrBDNF/anisomycin, 145.0±14.6, n ¼ 6; F (3, 20) ¼ 5.08, Po0.05, Supplementary Figure S8 ]. These results from the inhibition of protein synthesis using anisomycin or cycloheximide suggest that protein synthesis at 9 h after the acquisition trial without any drug administration does not affect memory consolidation, but it does at 3 or 6 h, and that the increased mBDNF level at 9 h induced either by GABA A receptor blockade (1 h post-administration of bicuculline methiodide) or exogenous hrBDNF plays a crucial role in the enhancement of memory consolidation.
To investigate whether mBDNF contributes to the enhancement of memory consolidation through interactions with its receptor, first we used a tyrosine receptor kinase inhibitor, K252a. K252a administration at 9 h after the acquisition trial had no effect on memory consolidation by itself, but it significantly attenuated the enhanced memory consolidation induced by bicuculline methiodide administration at 1 h after the acquisition trial [Vehicle/ vehicle, 118.5 ± 13.9, n ¼ 6; vehicle/K252a, 145.5 ± 16.2, n ¼ 6; bicuculline methiodide/vehicle, 226.0 ± 16.74, n ¼ 7; bicuculline methiodide/K252a, 132.4±17.0, n ¼ 7; F (3, 22) ¼ 9.205, Po0.05] (Figure 5b) . Similar results were also observed with the intra-hippocampal injection of bicuculline methiodide in the same protocol (Supplementary Figure S9 ). Moreover, we observed significant interactions between bicuculline methiodide and K252a [F (1, 26) ¼ 5.496, Po0.05, Supplementary Figure S9] . To address the involvement of TrkB receptor and BDNF itself in memory consolidation, we blocked receptor-ligand binding with anti-TrkB IgG or scavenged BDNF with antiTrkB-Fc. Anti-TrkB IgG or anti-TrkB-Fc administration at 9 h after the acquisition trial had no effect on memory consolidation by itself as shown in K252a study, but they significantly attenuated the enhanced memory consolidation induced by bicuculline methiodide administration at 1 h after the acquisition trial [(Anti-TrkB IgG: Vehicle/ control IgG, 97.5 ± 20.2, n ¼ 10; vehicle/anti-TrkB IgG, 109.8±20.1, n ¼ 10; bicuculline methiodide/control IgG, 218.1 ± 36.7, n ¼ 10; bicuculline methiodide/anti-TrkB IgG, 106.4 ± 19.9, n ¼ 9; F (3, 35) ¼ 5.072, Po0.05, Figure 5c ), (Anti-TrkB-Fc: Vehicle/control IgG, 130.3±8.4, n ¼ 7; vehicle/anti-TrkB-Fc, 122.8 ± 8.4, n ¼ 8; bicuculline methiodide/control IgG, 239.1 ± 19.3, n ¼ 8; bicuculline methiodide/anti-TrkB-Fc, 146.6±21.9, n ¼ 8; F (3, 27) ¼ 8.371, Figure 5 Blockade of protein synthesis or tyrosine receptor kinase B (TrkB) attenuates the enhancement of memory consolidation induced by bicuculline methiodide (BMI). a, Effect of the blockade of protein synthesis on BMI-induced enhancement of memory consolidation. BMI (5 mg/kg, i.p.) or vehicle (Veh) was administered 1 h after an acquisition trial (AT) and anisomycin (Ani, 80 mg/0.5 ml/side) or vehicle was infused into hippocampus 9 h after the acquisition trial. The mice were subjected to the retrieval trial (RT) 24 h after the acquisition trial. Data are represented as means±SEM (n ¼ 6-8/group). P values were obtained by two way ANOVA followed by Tukey's post hoc test. *Po0.05. b and c, Effect of TrkB inhibition on the BMI-induced enhancement of memory consolidation. BMI (5 mg/kg, i.p.) or vehicle was administered 1 h after the acquisition trial and K252a (100 pmol/0.5 ml/side, b) or anti-TrkB IgG (1 mg/0.5 ml/ side, c) was infused into hippocampus 9 h after the acquisition trial. The mice were subjected to the retrieval trial 24 h after the acquisition trial. Data are presented as means±SEM (n ¼ 6-10/group). P values were obtained by two-way ANOVA followed by Tukey's post hoc test. *Po0.05. Figure S10) ]. These results suggested that the increased mBDNF level induced by bicuculline methiodide at 9 h after the acquisition trial functions through interactions with its TrkB receptor and enhances memory consolidation through protein synthesis after the mBDNF-TrkB receptor interaction.
Po0.05, Supplementary
c-Fos and Zif268 are Possible Downstream Effectors of mBDNF Induced by Bicuculline Methiodide
c-Fos is an immediate early gene (IEG) associated with synaptic activity and memory processing (Cammarota et al, 2000; Countryman et al, 2005; Yasoshima et al, 2006) . Another IEG that has been consistently implicated in synaptic plasticity and memory processing is Zif268 (Malkani et al, 2004; Worley et al, 1993) . Given that c-Fos and Zif268 expression can be regulated by BDNF (Glorioso et al, 2006) and induced by BDNF in hippocampal neurons (Alder et al, 2003) , we asked if blockade of protein synthesis or endogenous mBDNF binding to its receptor at 9 h after the acquisition trial affects c-Fos and/or Zif268 expression. A learning-associated increase in c-Fos or Zif268 immunoreactivity in hippocampal homogenates 12 h after the acquisition trial was not detected. This result suggests that both c-Fos and Zif268 have returned to basal levels at 12 h after the acquisition trial. However, we observed that the higher c-Fos expression levels in the hippocampus of mice receiving bicuculline methiodide 1 h after the acquisition trial was completely abolished by anisomycin [Vehicle/ vehicle, 145% of naïve group, n ¼ 4; vehicle/anisomycin, 138% of naïve group, n ¼ 4; bicuculline/vehicle, 230% of naïve group, n ¼ 4; bicuculline/anisomycin, 127% of naïve group, n ¼ 4; F (4, 15) ¼ 5.786, Po0.05, Figure 6a ] or K252a [Vehicle/vehicle, 134% of naïve group, n ¼ 4; vehicle/K252, 135% of naïve group, n ¼ 4; bicuculline methiodide/vehicle, 215% of naïve group, n ¼ 4; bicuculline methiodide/K252a, 123% of naïve group, n ¼ 4; F (4, 15) ¼ 5.786, Po0.05, Figure 6b ] infusion 9 h after the acquisition trial. Moreover, we also observed similar results with Zif268 expression levels in anisomycin [Vehicle/vehicle, 145% of naïve group, n ¼ 4; vehicle/anisomycin, 121% of naïve group, n ¼ 4; bicuculline/vehicle, 208% of naïve group, n ¼ 4; bicuculline/ anisomycin, 120% of naïve group, n ¼ 4; F (4, 15) ¼ 9.310, Po0.05, Figure 6a ] or K252a [Vehicle/vehicle, 148% of naïve group, n ¼ 4; vehicle/K252a, 141% of naïve group, n ¼ 4; bicuculline methiodide/vehicle, 220% of naïve group, n ¼ 4; bicuculline methiodide/K252a, 127% of naïve group, n ¼ 4; F (4, 15) ¼ 4.764, Po0.05, Figure 6b ] infusion. These results were also confirmed by immunohistochemistry for c-Fos [anisomycin, F (4, 13) ¼ 4.679, Po0.05, Figure 6 Blockade of protein synthesis or tyrosine receptor kinase B (TrkB) attenuates the increase in immediate early gene expressions (c-Fos or Zif268) induced by bicuculline methiodide (BMI). Effect of blockade of protein synthesis (a) or TrkB receptor signaling (b and c) on the BMI-induced increase in c-Fos and Zif268 expressions. BMI (5 mg/kg, i.p.) or vehicle (Veh) was administered 1 h after the acquisition trial (AT) and anisomycin (Ani, 80 mg/0.5 ml/side) or vehicle was infused into hippocampal CA1 region 9 h after the acquisition trial (a). In experiment b and c, BMI (5 mg/kg, i.p.) or vehicle (Veh) was administered 1 h after the acquisition trial, and K252a (100 pmol/ml/side, b) or anti-TrkB IgG (anti-TrkB, 1 mg/0.5 ml/side, c) was infused into hippocampal CA1 region 9 h after the acquisition trial. The mice were sacrificed 12 h after the acquisition trial. d, Effect of Trk inhibition on hrBDNF-induced increase in c-Fos and Zif268 expression. Vehicle, K252a (100 pmol/0.5 ml/side), hrBDNF (0.2 mg/0.5 ml/side), or K252a + hrBDNF was infused into hippocampal CA1 region 9 h after the acquisition trial. The mice were sacrificed 12 h after the acquisition trial. Data are presented as means ± SEM (n ¼ 3-4/group). *Po0.05, compared with the control group; # Po0.05, compared with the BMI-treated group (two-way ANOVA followed by Tukey's post hoc test). The naïve group was not treated with any drug or acquisition trial.
Supplementary Figure S11; K252a, F (4, 15) ¼ 4.074, Po0.05, Supplementary Figure S12] and Zif268 [anisomycin, F (4, 13) ¼ 5.321, Po0.05, Supplementary Figure S11 ; K252a, F (4, 15) ¼ 4.825, Po0.05, Supplementary Figure S12 ] expressions in the hippocampal CA1 region. Moreover, the number of c-Fos and Zif268 double-positive cells in the hippocampal CA1 region revealed similar result [anisomycin, F (4, 13) ¼ 3.903, Po0.05, Supplementary Figure S11 ; K252a, F (4, 15) ¼ 5.831, Po0.05, Supplementary Figure S12] . In receptor-ligand binding blockade study, anti-TrkB IgG administration blocked bicuculline methiodide-induced increases of c-Fos and Zif268 levels in the hippocampus F (3, 12) ¼ 37.35, Po0.05; Zif268, F (3, 12) ¼ 13.07, Po0.05] (Figure 6c ). In addition, we also observed that the higher c-Fos and Zif268 levels in the hippocampus of mice receiving hrBDNF 9 h after the acquisition trial were completely blocked by F (3, 12) ¼ 21.51, Po0.05; Zif268, F (3, 12) ¼ 8.762, Po0.05] (Figure 6d) . Thus, inhibition of the TrkB receptor 9 h after the acquisition trial attenuated enhanced memory consolidation induced by bicuculline methiodide.
DISCUSSION
Pharmacological studies have demonstrated that posttraining injections of GABAergic compounds modulate memory storage (Hatfield et al, 1999) . These findings provide strong support for the view that GABA A receptors modulate post-training processes underlying memory consolidation (Brioni and McGaugh, 1988; Castellano and McGaugh, 1990) . Luft et al, (2004) reported that bicuculline causes memory facilitation when infused into CA1 either immediately after training or 1.5 h post-training. Similarly, bicuculline improves memory consolidation in an invertebrate model using the crab Chasmagnathus (Carbo Tano et al, 2009 ). Consistent with these previous studies, we observed that bicuculline methiodide enhanced memory consolidation when systemically administered immediately or 1 h after the acquisition trial but not at 3 h after, suggesting that GABA A receptor blockade enhances memory consolidation in the one-trial passive avoidance task. However, the reasons why the effective time window for the enhancement of memory consolidation exists and the identity of signaling molecule(s) involved in bicuculline methiodide-induced enhancement of memory consolidation have remained unclear.
BDNF has been extensively studied for synaptic plasticity and memory processing, and it has been demonstrated to be essential for hippocampus-dependent long-term memory consolidation (Bekinschtein et al, 2007; Bekinschtein et al, 2008; Kang et al, 1997; Pang and Lu, 2004a; Slipczuk et al, 2009; Tyler et al, 2002) . By the acquisition trial without any pharmacological manipulation, we observed that mBDNF levels rapidly increased after the acquisition trial, gradually decreased until 9 h after the acquisition trial and then increased 12 h after the acquisition trial. The mBDNF level 9 h after the acquisition trial was the lowest level observed during the 12 h after the acquisition trial, and it was almost the same as the normal level, as observed by others (Bekinschtein et al, 2007) . However, it is unclear how the mBDNF levels were markedly increased immediately after the acquisition trial. BDNF is basically synthesized in a pro-form, proBDNF, which can be cleaved into mBDNF by proteases (Matsumoto et al, 2008; Seidah et al, 1996) in the intracellular or in the extracellular space (Pang et al, 2004b) . Recently, it was reported that the release of proBDNF or mBDNF depends on the mode of stimulation. For instance, low-frequency stimulation induces proBDNF release at excitatory synapses (Woo et al, 2005) , whereas highfrequency stimulation favors mBDNF release in the hippocampal CA1 Yang et al, 2009) . It is also possible that mBDNF is produced from proBDNF within minutes, similar to the rapid conversion from pro-to mature-form of BDNF in vitro after high frequency stimulation or KCl stimulation . Therefore, it can be speculated that the acquisition training might cause rapid release of mBDNF and conversion of proBDNF to mBDNF. However, to unravel these hypotheses, further research will be needed. In naïve mice, mBDNF levels were significantly higher 9 and 12 h after bicuculline methiodide administration, which is somewhat unusual regarding absorption time (o20 min) and half-life (o1 h) of bicuculline methiodide (Gale and Casu, 1981; Mares et al, 2000) . Considering the temporal profile of mBDNF levels in training trial-treated mice without any drug administration and the temporal profile of mBDNF levels induced by bicuculline methiodide treatment without the training trial, the effective time window of bicuculline methiodide after the acquisition trial might be dependent on the mBDNF level at around 9 h after the acquisition trial. The above possibilities can be deduced as follows; the increased mBDNF level 9 h after bicuculline methiodide administration could compensate for the low level of mBDNF in the acquisition trial-treated mice without any drug administration, which might keep the mBDNF level in the hippocampus above a threshold required to enhance the consolidation of the acquired memory. To test this possibility, we compared the effects of bicuculline methiodide administration 1 or 3 h after the acquisition trial on mBDNF levels at around 9 h after the acquisition trial. The levels of mBDNF 9 h after the acquisition trial were enhanced by the administration of bicuculline methiodide 1 h but not 3 h after the acquisition trial. Similar results were also observed with the intra-hippocampal administration of bicuculline methiodide 1 h after the acquisition trial. These results suggest that the level of mBDNF 9 h after the acquisition trial is critically involved in the enhancement of memory consolidation induced by bicuculline methiodide and this represents the effective time window of bicuculline methiodide.
For the confirmation of the role of mBDNF, we used exogenous hrBDNF infusion to increase the BDNF levels at 6, 9 or 12 h after the acquisition trial. Indeed, intrahippocampal hrBDNF infusion both 6 and 9 h after the acquisition trial increased the latency time of retention trial conducted 24 h after the acquisition trial. Bekinschtein et al, (2007) reported that late protein synthesis and BDNF expression around 12 h after training is required for the persistence of long-term memory storage but not for formation. Similar results were obtained regarding the persistence of fear memory (Ou et al, 2010) . However, we did not observe the enhancement of memory consolidation by the exogenous administration of hrBDNF 12 h after the training although the mBDNF level at 12 h was similar to that at 6 h. In addition, even though mBDNF level at 12 h after the acquisition trial was enhanced by the administration of bicuculline methiodide 3 h after that trial, we did not observe any enhancement of memory consolidation. Therefore, it is likely that the increased mBDNF level 12 h after the acquisition trial is not required for the enhancement of memory consolidation retrieved 24 h after the acquisition training. However, it might be asked why hrBDNF administration 6 h after the acquisition trial enhances memory consolidation. Anisomycin alone treatment 3 or 6 h after the acquisition trial inhibited memory consolidation, whereas the same dose of anisomycin did not alter the latency time when administered 9 h after the acquisition trial. Similar results were also observed in the cycloheximide experiments. These results mean that bicuculline methiodide reverses the basal process for memory consolidation inhibited by 3 or 6 h post-training administration of anisomycin and that the level of mBDNF induced by learning at 6 h might be sufficient to consolidate acquired memory. There are several reports indicating the existence of two time windows in which long-term memory formation is sensitive to protein synthesis inhibitors: around the time of training and 3-6 h after training (Alonso et al, 2002b; Grecksch and Matthies, 1980; Igaz et al, 2002) . Taken together, it is likely that the basal process of memory consolidation occurs 3-6 h after the training, and this might be enhanced by exogenous hrBDNF administration, but is inhibited by the inhibition of protein synthesis.
From the anisomycin and cycloheximide experiments with bicuculline methiodide, it can be concluded that the mBDNF level 9 h after the acquisition trial plays a crucial role in the enhancement of memory consolidation. However, it is unclear how increasing the mBDNF level 9 h after the acquisition trial enhances memory consolidation. That anisomycin administration 9 h after the acquisition trial reverts bicuculline methiodide-induced enhancement of memory consolidation to the basal level implies that protein synthesis after the binding of mBDNF to its receptor might be inhibited by anisomycin. To confirm this possibility, we used K252a and anti-TrkB IgG to inhibit the mBDNF-TrkB receptor interaction. By the administration of those drugs at 9 h after training with bicuculline methiodide (1 h posttraining intraperitoneally or intra-hippocampal administration), the enhancing effects of bicuculline methiodide on memory consolidation were blocked. Moreover, the enhancement of memory consolidation induced by hrBDNF infusion into the hippocampus was totally blocked by the co-administration of anisomycin into the hippocampus 9 h after the acquisition trial, suggesting that downstream signaling after the binding of mBDNF to its receptor might contribute to the mBDNF-induced enhancement of memory consolidation. Our results do not exclude a possibility that bicuculline methiodide-induced memory consolidation might be mediated through other mechanisms. For example, bicuculline methiodide-induced increase of neuronal activity may be involved in the facilitation of memory consolidation, because a high dose of bicuculline methiodide causes seizure-like behaviors. Moreover, muscimol, which is often used for the inhibition of neuronal activity (Maren and Hobin, 2007; Oliveira et al, 2010) , impaired memory consolidation and blocked the effect of bicuculline methiodide on memory consolidation. Dissecting the effect of bicuculline methiodide on neuronal activity related with memory consolidation shall be the focus of future investigations.
c-Fos and zif268 are immediate early genes regulated by mBDNF (Glorioso et al, 2006) and their gene products have roles in memory consolidation (Jones et al, 2001; Yasoshima et al, 2006) . The expression levels of c-Fos and Zif268 were enhanced by the administration of bicuculline methiodide 1 h after the acquisition trial or hrBDNF 9 h after the acquisition trial. Concomitantly, these increases were reverted to the control level by the inhibition of either TrkB receptor or protein synthesis. Therefore, the ability of Figure 7 Schematic representation of the effect of GABA A receptor blockade in memory consolidation. GABA A receptor blockade enhanced memory consolidation and induced an increase in mBDNF levels 9 h after training. The increased mBDNF levels from 0 to 6 h, around 9 h, and around 12 h after training play an important role in the basal memory consolidation (Alonso et al, 2002a, b) , the enhancement of memory consolidation, and the persistence of long-term memory (Bekinschtein et al, 2007) , respectively, in the one-trial passive avoidance task.
K252a, anti-TrkB IgG, anisomycin, or cycloheximide to block the enhancing effects of bicuculline methiodide on memory consolidation is dependent on the inhibition of protein synthesis occuring after the binding of mBDNF to its receptor TrkB. Thus, both an increase in mBDNF level at 9 h after the acquisition trial and mBDNF binding to its receptor are necessarily required to enhance the memory consolidation.
It has been reported that there is an optimal range of mBDNF levels for the enhancement of learning and memory (Cunha et al, 2009; Nakajo et al, 2008) . The 1 h postadministration experiments either with systemical or intrahippocampal injection of bicuculline methiodide, the experiments with exogenous administration of hrBDNF 9 h after the acquisition trial, and the anisomycin experiments with bicuculline methiodide or hrBDNF all support those findings. In addition, the present experiments also suggest that the level of mBDNF 9 h after training, which can be increased by GABA A receptor blockade, is critically involved in the enhancement of memory consolidation. Thus, the present results suggest that if the mBDNF level at 9 h after an acquisition trial is similar to or over the level at 6 h after the acquisition trial, memory consolidation will be enhanced ( Figure 7) . If, however, the mBDNF level at 12 h after the acquisition trial is similar to or over the level at 6 h after the acquisition trial, even if it is needed for the persistence of long-term memory storage (Bekinschtein et al, 2007) , memory consolidation will not be enhanced.
In summary, we found that GABA A receptor blockade enhanced memory consolidation and induced an increase in mBDNF levels at 9 h after training. In addition, we found that the increased mBDNF levels at 9 h after training play an important role in the enhancement of memory consolidation in the one-trial passive avoidance task. Taken together, these results suggest that blockade of GABA A receptor can enhance memory consolidation in the one-trial passive avoidance task by increasing hippocampal mBDNF levels within restricted time window (around 9 h after training).
